INTRODUCTION
A definition of the terrestrial heat-flow pattern within the southwestern United States will probably require heat-flow measurements on the order of 50 km apart. To appreciate the geothermal charaaer of the crust and upper mantle in regions where the heat-flow pattern is complex, or is demonstrating a transition, it may be necessary to acquire heat-flow measurements on the order of 10 km apart. This study attempts to geographically define regional geothermal trends associated with the Rio Grande rift and neighboring geologic provinces. We have made 175 temperature logs, from which 103 heat-flow measurements, representing 100 sites, are presented and tabulated (Fig. 1 ). Measurements taken 2 km or ipore apart are considered distinct, whereas two or more rneasurements less than 2 km apart have been averaged to represent one location.
GEOPHYSICAL SETTING
In New Mexico and southern Colorado, four geologic provinces with very different • Pceseni address: Texaco Inc., Tulsa, Oklahoma 74102.
characteristics exist in juxtaposition with the Rio Grande depression, a major continental rift extending 1,000 km between Leadville, Colorado, and El Paso, Texas (Chapin, 1971) . The northern part of the Rio Grande rift bisects the high ranges of the southern Rocky Mountains and has intermittent contact with the Colorado Plateau to the west. The southern part of the rift is bordered on the west by the Colorado Plateau, the Datil-Mogollon volcanic field, and perhaps the Basin and Range province, if one wishes to distinguish the southern part of the rift from the Basin and Range province. The Great Plains lie to the east of the mountains bordering the Rio Grande rift. Bedrock relief along the rift varies from 100 m in some of the smaller basins to 11,000 m in the San Luis valley (Chapin, 1971) . Christiansen and Lipman (1972) and Bruning and Chapin (1974) have cited evidence that' suggests rifting may have begun as early as 24 to 28 m.y. ago.
Most of the volcanism concurrent with rifting occurs along the middle and western pans of the Rio Grande-rift. Summers (1965) demonstrated that present hotspring activity generally coincides with these volcanic areas. Lipman (1969) reported that in northem New Mexico and southem Colorado, alkalic, crustally contaminated basalt is present to the east and to the west of the Rio Grande rift, whereas primitive, tholeiitic basalt is present within the grabens. Lipman postulated that the tholeiitic basalt comes from a shallow depth under the rift, suggesting that a thermal anomaly may be associated vvith the depression. Various other studies suggest that high heat flows are associated with the Rio Grande rift (Warren and others, 1969; Smithson and Decker, 1972; Hartman and Reiter, 1972; Edwards and others, 1973; Reiter and others, 1973) . Decker (1969) suggested that the southern Rocky Mountains regionally possess high heat flow. Roy and others (1972) interpreted seven reduced heat-flow measurements within the southern Rocky Mountains as evidence that this province has a regional geothermal character similar to that of the Basin and Range province.
• Near Socorro, New Mexico, a sharp discontinuity, possibly underlain by material of very low rigidity, has been detected at a depth of 18 km (Sanford and others, 1973) . This discontinuity dips to a 30-km depth 60 km north of Socorro. Sanford (1963) and Sanford and Holmes (1962) indicated that the majorit)' of earthquakes in New Mexico occur as swarms along a narrow seismic zone coincident with the Rio Grande vailey. Sanford (1968) showed by gravity studies that Bouguer anomalies locally exhibit minimum negative values within the Rio Grande rift near Socorro. Smithson and Decker (1972) also suggested gravity highs associated with the southern part of the Rio Grande rift near Orogrande and El Paso.
The Colorado Plateau occupies most of northwestern New Mexico and western Colorado. Although the plateau is a seemingly stable, elevated platform, numerous diatremes, laccolithic masses, and dike systems do appear within the province. Several authors have cautioned against generally characterizing the Colorado Plateau as a province of regionally low heat flow on the basis of sparse earlier data (Costain and Wright, 1973; Edwards and others, 1973; Reiter and others, 1973) . Roy and others (1972) also indicated the sparse and ambiguous data on crustal radioactive heat generation within the Colorado Plateau. The Mohorovicic discontinuity is approximately 40 to 45 km under the Colorado Plateau, and P" velocities are reported as between 7.8 km/sec and 8.1 km/sec (Pakiser, 1963; Archambeau and others, 1969; Healy and Warren, 1969; Herrin, 1969; Bucher and Smith, 1971) .
The Basin and Range province is present in southwestern New Mexico. The physiography of this province is characterized by a series of mountain ranges with intermontane valleys. The Basin and Range is considered a regional geothermal high, although heat-flow values vary greatly (Warren and others, 1969; Sass and others, 1971a) . Reduced heat-flow values for the Basin and Range are reported as 1.4 ± 0.2 HFU (Roy and others, 1972 
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province is generally considered to be 7.8 km/sec (Pakiser, 1963; Healy and Warren, 1969; Archambeau and others, 1969; Herrin, 1969; Bucher and Smith, 1971) .
ANALYSIS OF THE DATA
The fundamentals of our heat-flow data are given in Table 1 . Most of the heat-flow values were obtained by multiplying the linear thermal gradients measured in drill holes by the corresponding average thermal conductivity values. A best heat-flow value was chosen for each well site by considering such factors as possible ground-water movement, thermal conductivity control, depth of the drill hole, linearity of the thermal gradients, drilling history of the well. and rock conditions encountered while drilling. Unfortunately, heat-flow data are both ambiguous and normally suspect. The temperature logs indicate to us that the movement of subsurface water has the most significant influence on the diffusion geothermal gradient. Sass and others (1971a) indicated the potential influence of regional ground-water flow on subsurface temperature gradients in an area' near Las Vegas, Nevada. They imply the importance of temperature measurements at great depths ^v^,
Figure 1. Heat-flow stations in southwestern United States. Solid diamonds indicate published data by other investigators (Birch, 1947 (Birch, ,1950 Lovering, 1948; Herrin and Clark, 1956; Spicer, 1964; Warren and others, 1969; Decker, 1969; Sass and others, 1971a; Costain and Wright, 1973) . Open diamonds indicate heat-flow sites being cooperatively studied by M. Chessman and others (in prep.) and M. Reiter and others (in prep.) . Open drcles indicate flow sites being studied by A. Sanford and others (in prep.), C. Edwards and others (in prep.), and M. Reiter and others (in prep.). Solid circles indicate heat-flow data sites as presented and tabulated in text. Xs indicate sites demonstrating severe ground-water disturbance in temperature log.
TERRESTRIAL HEAT FLOW ALONG THE RIO GRANDE RIFT 813 to better define the geothermal gradients within the area.
Ground-water movement may be recognized by nonlinear behavior in the temperature log and (or) an incompatibility between heat-flow values in different zones of the drill hole. When these characteristics are observed at several sites within a region, one must attempt to investigate regional hydrologic conditions, such as thickness and continuity of aquifers, recharge and discharge areas, permeability variations within aquifers, and subsurface flow rates. Unfortunately, the hydrologic setting is rarely known well enough ro apply quantitative corrections for ground-water movement (Bredehoeft and Papadopulos, 1965) . Normally one can only hope to avoid the influence of regional groundwater movement by measuring the geothermal gradient at sites and depths where ground-water movement is minimal.
Heat-flow values presented in Table 1 have not been corrected for the effects of topographic relief. Terrain corrections (Birch, 1950) were initially applied at sev--eral sites where the effects of topography should have been large in comparison to most sites in the study. These corrections were only a few percent of the measured thermal gradients; consequently, we decided that in light of the other uncertainties in most of our heat-flow data, terrain corrections typically were not warranted.
Each heat-flow measurement was evaluated with respect to the probability of it being representative within a 2-km radius. We employed the following criteria, similar to that of Sass and others (1971a) , in evaluaring the data: if we believed the measured heat flow at a site was accurate to ±10 percent, it was evaluated as an A measurement; if ±20 percent, as a B measurement; and if greater than 20 percent, as a C measurement. Although A measurements can be made in 100-to 200-m drill holes, A measurements typically are taken in boreholes 300 m and deeper in which good thermal conductivity control is possible and in areas where ground-water flow is thought to be minimal. We generally interpret A measurements from zones of linear gradients 100 m and longisr. B measurements are normally interpreted from shorter (-40 to 90 m) zones of linear temperature gradients. The classification of a heat-flow measurement depends on whether or not heat-flow fluctuations within the drill hole can be explained and a most representative flux value can be chosen. If the calculated heat flows in several zones of the drill test vary by 10 to 20 percent, we evaluate the data as a B measiu-ement. C measurements have qualitative importance in the regional heat-flow pattem; for example, the heat flow in a specific area is probably greater than 2.5 HFU.
Heat-flow data in New Mexico, southern Colorado, and bordering areas are illustrated in Figure 2 . Using the available data, we have constructed a geothermal map of New Mexico and southem Colorado ( Fig.  3 ) with contours based on the magnitude, quality, and compatibility of heat-flow measurements within a region. Question marks indicate those areas where considerable ambiguity exists in the character and location of the contours.
When evaluating the geophysical significance of geothermal data, one must consider the scatter of data values within an 814 REITER AND OTHERS ArTEC/NORTH-(NMI 3S'-5'4"'"ltJ8""01"""T870 area. Some areas have little scatter in heat-flow values -for example, the region of 1.5 HFU and less in the central San Juan basin, and the area of 2.0 to 2.5 HFU near the eastem side of the Organ Mountains (Fig. 2) . Alternatively, other areas have considerable discrepancy in measured heat flow -for example, the Elk Mountains, the western San Juan Mountains, and west ofthe Zuni uplift (Fig. 2) . The most "quiet" areas have a probable noise level of 0.1 to 0.2 HFU; "'noisy" areas have variations of LO HFU and greater. It is, therefore, tenuous to place geophysical significance on trends of less than 0.2 HFU unless a large number of high-quality measurements are available. Consequently, trends on the order of 0.5 HFU are a conservative consideration in mapping the geothermal field. In addition, regional trends are more certain than local trends because disturbances in the data caused by phenomena such as local ground-water movement and hydrothermal activity tend to average out.
The most obvious feature of the geothermal map in Figure 3 is the zone of high heat flow (22.5 HFU) coincident with the western part of the Rio Grande rift. The peaking of heat flow near the western part of the rift is shown in the profiles in Figure  4 . Data of southern Colorado indicate the possibility that the San Juan volcanic field may be within the Rio Grande zone of high heat flow (Fig. 2) .
Heat-flow data may be biased within the belt of high heat flow toward mining regions and areas of hydrothermal activity. As more data are obtained near the zone of high heat flow, the zone may fragment into TA8tE-nESA""»2-TriHI 3S-37--l-08"3T-"T5^0--TAOS *1 TUMT a series of localized anomalies. Alternatively, ground-water movement in the basins of the rift structure may be lowering actual geothermal gradients and consequently affecting our interpretation of the extent of the zone of high heat flow.
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Eastward from rhe zone of high heat flow, the geothermal flux decreases to values of 1.5 HFU and less, characteristic of the stable interior (Fig. 2) . Currently available data make the continuity of the heat-flow bands shown in Figure 3 uncertain. From heat-flow measurements in the Front Range, we suggiest a regional heat flow of 2.0 to 2.5 HFU for the area (Fig. 2) . In southern Colorado and nonhem New Mexico, the boundary between the southern Rocky Mountains and the Great Plains (Fig. 2) is within or nearly coincident with the 1.5-to 2.0-HFU band. In southern New Mexico the boundary-between the Rio Grande rift and the' Great Plains also is within or near the 1.5-to 2.0-HFU band. Anomalously high heat-flow measurements within this belt are present near the Spanish Peaks, the Sangre de Cristo Range, and the Organ Mountains (Fig. 2) . We suggest that gfound-water movement could cause the lowering of true geothermal gradients in the Palomas, Jornado del Muerto, and Tularosa basins (Fig. 2) .
From heat-flow data just west of the zone of high heat flow associated with the Rio Grande rift, we interpret a 2.0-to 2.5-HFU step throughout the length of New Mexico and southern Colorado (Figs. 2, 3) . In northwestern New Mexico, the central San Juan basin is characterized by heat-flow values of 1.5 HFU and less (Fig. 2) . In west-ern Colorado and easternmost Utah, there are additional areas of 1.5 HFU and less. In west-central New Mexico we define a broad area with heat-flow measurements typically between 2.0 and 2.5 HFU. Data in extreme southwestem New Mexico suggest a large area characterized by heat flow REITER AND OTHERS ' -above 2.5 HFU. Figure 4 illustrates the heat-flow profile along long. 108° W.
On the basis of the available heat-flow data, we propose the following geothermal trends: a coincidence of high heat-flow values in New Mexico and Colorado with the westem part of the Rio Grande rift, an in- (Fig.2) .'
DISCUSSION
The ribbon of high heat flow along the western side of the Rio Grande rift is probably a reflection of a thermal source associated with the depression. The anomaly may overlie deep crustal fractures, penetrating the mantle, through which magmatic fluids approach the surface, perhaps forming in some instances magma chambers of considerable extent, as suggested by Sanford and others (1973) . Such a fractire system could be associated with major crustal weaknesses between the Rio Grande rift and the Colorado Plateau and Basin and Range provinces. Recent volcanic activity and thermal springs, coincident with the location of the zone of high heat flow, may imply that extensional tectonic activity has been primarily concentrated along the westem side of the Rio Grande rift. Chapin (1971) proposed a thinning of the crust under the Rio Grande rift and an upward bulge in the mantle. He stated that faults along the eastern edge of the rift may be tight and therefore not conducive to magma transport, whereas faults along the westem edge of the rift may be less tight because of a westward drift of the Colorado Plateau away from the mantle-bulge under the rift.
Additional heat-flow data may allow one to distinguish between a continuous mantle upwarp and a normal mantle depth along the Rio Grande-rift. A series of high heat-flow areas and low heat-flow areas along the rift should imply a thermal source involving crustal fractures and magmaric movement into the crust from a mantle whose depth would be that of the Colorado Plateau or the Basin and Range provincethat is, a normal mantle depth. Continuity in the zone of high heat flow along the rift may imply a conrinuous mantle upwarp; however, the fracturing and magmatic intrusion of the crust may be so extensive as to make a mantle upwarp thermally indisringuishable from an extensively fractured and magmatically intruded cmst. Measurements of heat flow at great depth within and near the rift, insuring the absence of ground-water disturbances, will be needed to substantiate the extent and character of the thermal anomaly along the Rio Grande rift. On the basis of heat-flow data from northwestem New Mexico and western Colorado, we suggest a complex geothermal character associated with the eastem Colorado Plateau. Heat-flow measurements of about 1.5 HFU and less are t>-pically associated with major structural basins. For example, our data within the central San Juan basin are normally 1.5 HFU and less (Fig. 2) . Our heat-flow values ' in southwestem Colorado near the Blanding basin are 1.5 HFU and less. Heat-flow measurements by other investigators in northwestern Colorado within the Piceance basin are normally 1.5 HFU and less. On the basis of these data, we suggest variations in the crust and upper mantle of the Colorado Plateau which are associated with major structural basins -for example, mantle undulations, variations in crustal radioactivity, or large-scale crustal tectonic variations. Alternatively, the relatively low heat flow may result from disturbances such as ground-water movement or deep refraction of isotherms. Measurements at great depth within the basins are needed if vve are to be more confident of this heat-flow pattern. Present data indicate a decrease in heat flow toward the center of the central San Juan basin. Measurements of radioactive heat generation in the cmst are also needed to clarify the significance of these heat-flow values.
Heat-flow values betweeii 2.0 and 2.5 HFTJ have been measured within the Colorado Plateau near laccoliths (Hesperus, near the La Plata Mountains -see Decker, 1969) and near some other intrusions (Table . Mesa, near the Shiprock plug and dike system. Fig. 2 ; Gobernador, near the north-trending dike system east of Gobernador -see Sass and others, 1971a) . Heat-flow values seem to increase to 2.0 to 2.5 HFU near the Zuni uplift (Fig. 2) . Higher heat-flow values in the Colorado . Plateau are apparently associated with some intmsions and perhaps major uplifts, • and lower values are associared with major struaural basins. Heat-flow values in the Colorado Plateau in areas other than these are normally 1.5 to 1.7 HFU.
Heat-flow values in westem New Mexico generally increase southward from the central San Juan basin to the Basin and Range province (Fig. 4) . This smooth regional trend is interrupted by a broad area of 2.0 to 2.5 HFU in west-central New Mexico near the Zuni uplift and the McCarrys basalts (Fig. 3) . In southwestern New Mexico, a major north-south heat-flow transition occurs between lat 34° and 33° N. This latter geothermal transirion may be associated with a transition between the Colorado Plateau aiid the Basin and Range province. In southwestern New Mexico, a ripple in the thermal structure west of the central zone of high heat flow may result from variations of crustal fracturing and magmatic intrusion, variations in crustal radioactivity, or variations in the groundwater regime within the Basin and Range province.
EXPERIMENTAL PROCEDURE
Terrestrial heat-flow measurements were made by multiplying measured geothermal gradients from drill holes by the thermal conductivity of che rocks penetrated by the drill holes. Heat-flow sites were drill holes, sponsored by other organizations, for oil and mineral tests and fluid-level observation wells. This method of obtaining heat-flow sites may provide data that are perhaps less than random; it is, however, the most practical technique of acquiring heat-flow measurements. If sufficient data coverage can be obtained, biasing is less probable.
Geothermal gradients were calculated from temperatures measured at discrete vertical intervals in drill holes. Platinum resistance elements and thermistors, in conjunction with Muellertype resistance bridges, were used to measure temperature. The absolute accuracy of measurement is probably ±0.05°C; the relative accuracy between two points 10 m apart in a well is probably an order of magnitude more accurate. Temperature-sensing systems were periodically calibrated at 0°C, with the use ofa distilled-water circulating bath. Over several years the reproducibility of the ice point has been within ±0.05°C for all systems. Several times each year, compatibility betiveen thermistor and platinum sensors was checked at other water temperatures in the circulating bath.
Temperature data were plotted as a funaion of depth, and the geothermal gradients believed representative of the site were anal)'zed. Disturbing effects caused by such phenomena as ground-water movement, climate, and vegetation changes were, we hope, noted and the associated data removed from the analyses. To determine the geothermal gradient, a least mean squares technique was applied to temperatute data in linear thermal-gradient zones. If thermal fluxes were equivalent between several zones of a drill test, it was assumed that the determined heat flow was probably representative of the site. Vertical changes in the thennal conductivity at some sites were so frequent that it was necessary to correlate each segment of the temperature log with the respective thermal conductivity.
Thermal conductivity of both core and fragments was measured. Core samples consisted of wafers 1 to 2 cm long whose surfaces were lapped flat and parallel within ±0.005 cm. Core diameters normally ranged from 2.5 to 5.5 cm. The technique we used to measure the thermal conductivity of fragments is similar to that of Sass and others (1971b) . The thermalconductivity apparatus was regularly calibrated with fused and crystalline quartz and several intermediate well-known samples. The apparatus was also calibrated with fused quartz and other secondary standards in fragment form to ensure the reliability of fragment measurements. The accuracy of core measurements was ±5 percent. The accuracy of fragment measurements was ± 10 to 15 percent if the porosity of the rock was known.
After correlating geothermal gradients with thermal-conductivity values, a best value of heat flow was chosen. We hope that the data are representative to ±20 percent; however, data with • larger errors are applied in qualitative geothermal considerations of various areas.
